Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry is becoming more widely used among the mass spectrometric techniques and has excellent figures of merit. Ion activation and fragmentation via sustained off-resonance irradiation (SORI) collision-induced dissociation (CID) is commonly used in FT-ICR. However, one of the limitations of SORI-CID is that only low-energy processes are typically observed in the product ion spectra. Here we present another option for performing CID in FT-ICR, a combination of SORI and on-resonance excitation (RE), termed SORI-RE. In comparison to SORI, this method produces more abundant ions resulting from higher energy fragmentation pathways. The result is the observation of a significant abundance of both higher and lower energy fragmentation pathways in the same mass spectrum. The comparison of SORI, RE, and SORI-RE spectra may lead to mechanistic insights as the relative abundances of certain fragment ions change as a function of internal energy deposition. This technique is simple to incorporate in existing instruments, does not require hardware or software modification, and requires only an additional 20-40 ms acquisition time. The technique is illustrated for a peptide (YGGFL), two disaccharides differing in the position of the glycosidic linkage (2r-mannobiose, 3r-mannobiose), an oligosaccharide (Alditol XT), a small protein (ubiquitin), and an inorganic cation (UO 2 + ). Examples of higher energy fragmentation pathways enhanced by SORI-RE include the formation of immonium ions and oligosaccharide cross-ring cleavages.
Ion dissociation techniques for the fragmentation of biomolecules in FT-ICR include infrared multiphoton dissociation (IRMPD), 5-7 blackbody infrared radiative dissociation (BIRD), 8, 9 sustained off-resonance irradiation collision-induced dissociation (SORI-CID), 10,11 on-resonance excitation CID (RE-CID), 12-14 electron capture dissociation (ECD), [15] [16] [17] surface-induced dissociation (SID), 18, 19 electron detachment dissociation (EDD), 20 and UV photodissociation. [21] [22] [23] Information about the primary structure of a biomolecule is obtained through sequence-specific fragmentation. This includes fragmentation between basic building blocks, such as amino acid residues, and fragment ions characteristic of building blocks (i.e., amino acid immonium ions, which define the presence of a corresponding amino acid in a peptide and can be used to eliminate candidate sequences during peptide identi- fication searches). This fragmentation should be as nonselective as possible to maximize the structural information gained. IRMPD, BIRD, and SORI-CID can be considered "gentle" ion activation techniques and are characterized by fragment ions resulting mainly from low-energy processes. SORI-CID and RE-CID are analogous fragmentation techniques differing in application by the frequency, amplitude, and time of the energy pulse applied to translationally excite the ions. During SORI-CID, ions are excited by application of an rf electric field pulse with a frequency "off-resonance" with the ion's natural cyclotron frequency, ω c . This frequency pulse results in a maximum translational energy, E tr , given by where E is the amplitude of the rf pulse, e is the electric charge, ω is the excitation frequency, and t is the duration of the rf pulse. 11, 24 The "off-resonance" pulse results in the ion undergoing some number, n, of acceleration-deceleration cycles given by 24 A result of these acceleration-deceleration cycles is that an ion will be confined in the cell for a sustained period of irradiation (>500 ms). In the presence of a low-mass gas target (e.g., N 2 or Ar) at a pressure of ∼10 -6 Torr, SORI results in many sequential, low-energy inelastic collisions, which activates the molecules slowly. This "slow activation" results in dissociation occurring mainly through the lowest energy fragmentation channels. 11, 25 Fragmentation in an FT-ICR cell can also be accomplished by applying a short (<500 µs) rf pulse whose frequency is onresonance (termed RE for on-resonance excitation) with the cyclotron frequency of the ion (e.g., ω ) ω c ). In this case, the maximum translational energy of the ion is given by 11, 26 The formation of ions off-axis is a disadvantage of RE-CID resulting in a radial, diffusional loss of product ions, limited subsequent stages of fragmentation, and reduced resolving power. 27 RE is, in practice, more time-consuming to optimize than SORI. These shortcomings have lead to SORI-CID as the preferred method of fragmentation, although RE-CID excitation is sometimes more efficient at producing ions resulting from higher energy fragmentation pathways.
In certain instances, it is advantageous from structural and analytical points of view to obtain fragment ions resulting from both low-and high-energy fragmentation pathways. However, certain fragmentation pathways may be particularly facile when a low-energy, slow-heating collisional activation technique such as SORI-CID is used, causing higher energy pathways to be suppressed. 11 This is especially true in the fragmentation of carbohydrates in which the cleavage of the glycosidic linkages occurs generally at lower fragmentation thresholds and cross-ring cleavages occur at higher fragmentation thresholds. Another example is the fragmentation of protonated peptides. Statistical analyses and mechanistic studies of peptide fragmentation have revealed residue-specific preferential cleavage N-terminal to proline (Pro) in the presence of a mobile proton and C-terminal to aspartic acid (Asp) and glutamic acid (Glu) in the absence of a mobile proton. [28] [29] [30] [31] [32] [33] [34] [35] [36] Under certain conditions, the dominance of these preferential cleavages may lead to a loss of fragmentation information because other fragment peaks may be of very low abundance or not present.
Here, we introduce the combination of SORI-CID and RE-CID, termed SORI-RE, which often enhances the observation of higher energy fragmentation product ions. In SORI-RE, a SORI pulse is followed by a comparatively short RE pulse. The application of the SORI pulse increases the internal energy of the ions so that some portion of the ions has enough internal energy to dissociate, mainly through the lowest energy dissociation pathways. The undissociated but activated ions remain below the fragmentation threshold. The subsequent application of a RE pulse causes the internal energy of the remaining precursor ions to rise significantly above the fragmentation threshold. This results in an enhancement of higher energy fragment ions, which appear along with the lower energy fragment ions produced in the SORI step. In certain instances, the ion population is not homogeneous, but exists as a heterogeneous mixture with several subpopulations containing different protonated forms or conformations, as demonstrated by ion mobility and gas-phase H/D exchange. [37] [38] [39] The increased internal energy produced in SORI-RE does not simply initiate higher energy fragmentation but may also alter these heterogeneous populations. The experiment described here is related to a so-called "pump-probe" experiment, described before. 40 In the previous experiment, BIRD was used to raise the internal energy of the precursor ion to a well-defined value. Next, RE-CID was used to probe the amount of additional energy needed to reach a particular, final internal energy distribution. In the present experiment, SORI is used to pump energy into the precursor ion so that some portion of the precursor ions fragment through low-energy pathways and RE is used to induce higher 
energy fragmentation of the remaining activated ion population. The internal energy is more well-defined in BIRD than in SORI, and so BIRD-RE is therefore more appropriate for fundamental energy deposition studies. However, the SORI-RE experiment represents a practical method for the enhancement of fragment ions resulting from higher energy pathways. This technique is both rapid and easy to apply in existing FT-ICR instruments equipped to perform SORI-CID because no hardware or software modification is required and the acquisition time is increased by only 20-40 ms. The information SORI-RE provides is complementary to SORI alone and can also provide additional structural/ mechanistic information.
EXPERIMENTAL SECTION
Alditol XT, an O-linked oligosaccharide isolated from frog egg jelly, 5 was provided by the Carlito Lebrilla research group at the University of California, Davis. Uranyl nitrate hexahydrate was purchased from Aldrich (St. Louis, MO) and recrystallized before use. Methanol was purchased from J. T. Baker (Phillipsburg, NJ) and used as received. The 18-MΩ Milli-Q water was prepared (Millipore Corp., Bedford MA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used without further purification.
An IonSpec (Lake Forest, CA) 4.7-T FT-ICR instrument was used for all fragmentation studies. Ions were generated using an Analytica (Branford, CT) second-generation ESI source. All samples were introduced into the instrument by infusion at a flow rate of 2-3 µL/min through a stainless steel microelectrospray needle (0.004-in. i.d.). Leucine enkephalin and ubiquitin solutions were prepared at a concentration of ∼10-30 µM in 1:1 methanol/ water with 1% acetic acid. 2R-Mannobiose and 3R-mannobiose were prepared in a similar manner, except Li 2 CO 3 was added at a concentration of ∼30 µM to induce formation of the lithiated molecules. Alditol XT was prepared at a concentration of 10-30 µM in 1:1 methanol/water. The sodiated alditol XT ion was the main ion observed, although sodium ions were not added to the solution. Solutions 1 mM in UO 2 2+ and 2 mM in NO 3 -were prepared in water and diluted 3-fold with 2:1 methanol/water. The glass capillary temperature was kept at 60°C, and 3.8 kV was applied to the electrospray needle.
The electrosprayed ions pass through a skimmer and are collected in an external rf-only hexapole, where they are allowed to accumulate for 300-1000 ms before being passed into the analyzer through a shutter. An rf-only quadrupole guides the ions into the cylindrical ICR cell. Once the precursor ions are trapped inside the ICR cell, all other mass-to-charge values are ejected from the cell via a frequency sweep isolating the desired ion. Monoisotopic isolation was used for this study (except for ubiquitin) because RE tends to deplete the monoisotopic precursor ion peak (especially for singly charged precursor ions) while SORI may excite the 13 C isotopic ion (with a +1000-Hz offset, for example). The absolute signal intensity of the precursor ion after isolation varied by less than (10% when electrospray conditions were kept constant. After isolation, fragmentation was accomplished by SORI, RE, SORI-RE, or RE-SORI. SORI pulses varied in time from 50 to 3000 ms and SORI voltages varied from 0.5 to 6.0 V. Likewise, RE pulses varied in time from 10 to 25 µs, and RE voltages varied from 50 to 400 V. Either nitrogen or argon gas was used as the collision gas at a pressure of ∼2 × 10 -6 Torr in the ICR cell. The gas pulse was controlled through a pulse valve held open for the desired amount of time. For all SORI-CID experiments, the gas pulse started with the beginning of the SORI pulse and was applied for the same duration as the SORI pulse plus 50 ms. The SORI offset frequency was +1000 Hz. Changing the offset polarity had no observable effect on spectral appearance. As expected, as absolute offset frequency was reduced, the spectrum became more similar to a RE spectrum. For all RE-CID experiments, a RE pulse was applied 20 ms (minimum gap time required by hardware) after a 0 V "blank" SORI pulse. In addition, the gas was pulsed into the cell at the same time and for 50 ms longer than the 0 V blank SORI pulse (i.e., 550 ms total gas pulse). For all SORI-RE experiments, the gas pulse started with the beginning of the SORI pulse and ended 50 ms after the end of the SORI pulse. For all RE-SORI experiments, the gas pulse started 500 ms before the RE pulse and ended with the end of the SORI pulse. During the SORI-RE experiments, the RE pulse was applied 20 ms after the end of the SORI pulse. In a few additional experiments, the time gap between SORI and RE (and also between RE and SORI) was varied between 20 and 500 ms.
An rf sweep with a width of 2 ms and amplitude of 120 V was used to excite the ions before detection. Broadband detection with an ADC rate of 2 MHz and 512K samples was used. Three spectra were collected for each data point during the systematic measurement of the effect of SORI and RE time and amplitude on the fragmentation of leucine enkephalin. The B-spline standard routine in the Origin graphing software was used to connect the points. All spectra shown are the result of one acquisition; however, the acquisition was repeated at least three times to ensure reproducibility. Variation in ion abundances was generally less than (10%.
Theoretical modeling has been performed by the MassKinetics 1.5 software program. 41 This is a reaction kinetic model based on RRKM rate theory and has been described elsewhere. 42 The program uses known experimental parameters (e.g., voltages, time scales, and gas pressure), calculated molecular parameters (e.g., vibrational frequencies as calculated quantum mechanically at the B3LYP 6-31 G* level), and reaction parameters such as critical energy and preexponential factors. To model fragmentation of leucine enkephalin, the well-known fragmentation scheme of peptides was used. 43 The preexponential factor and critical energy corresponding to leucine enkephalin b 4 ion formation was used as measured experimentally. 44 To avoid overfitting, a simple fragmentation model with a minimum number of adjustable parameters was used. All preexponential factors were 10 11 , which is close to the value for b 4 formation. Critical energies for the formation of a 4 , b 3 , y 2 , and Y (equal to F) and for the mean collisional energy-transfer value were optimized, altogether five adjustable parameters. The optimization criterion was to yield minimum root-mean-square error between calculated and experimentally determined SORI, RE, and SORI-RE spectra. Identical parameters were used to calculate energy distributions, and timeand energy-dependent SORI, RE, and SORI-RE spectra. Using additional adjustable parameters, such as optimizing the pre-exponential factors, would yield better agreement between experimental and theoretical spectra, but this was not attempted.
RESULTS AND DISCUSSION
Leucine Enkephalin: Relative Energy of Fragment Ion Formation. Leucine enkephalin contains five amino acids with the sequence tyrosine-glycine-glycine-phenylalanine-leucine (YGGFL). In general, protonated peptides tend to cleave at the amide bonds along the peptide backbone when CID is used as the ion activation method. Assuming a singly protonated peptide, if the charge remains on the N-terminal side of the peptide, the product ion is termed b n , where n refers to the number of amino acid residues counting from the N-terminus. Likewise, if the charge remains on the C-terminal side of the peptide, the fragment is identified as a y n ion, where n is determined by counting amino acid residues from the C-terminus. 45 The formation of a n ions commonly occurs via a loss of CO from b n ions. [46] [47] [48] [49] In the case of leucine enkephalin, the lowest energy fragmentation process is formation of b 4 ; this is typically the most abundant fragment in the case of SORI-CID and BIRD studies 44 (m/z ) 425.2, Figure 1a ). Medium-energy fragments include the a 4 ion (m/z ) 397.2, Figure 1a ), which can be formed by the loss of CO from b 4 . The a 4 /b 4 ratio is sometimes used to characterize the degree of excitation. 50,51 Other medium-energy fragments are the b 3 (m/z ) 278.1) and y 2 (m/z ) 279.2) ions. Alexander and Boyd 52 first suggested the use of the b 3 /y 2 ratio as a sensitive measure for internal energy deposition into the precursor ions, and this ratio has been used elsewhere. 51 The b 3 ion results from a higher energy fragmentation pathway; therefore, an increasing b 3 /y 2 ratio indicates increasing energy content in the molecule.
Formation of immonium ions is characteristic of high-energy processes (i.e., greater energy requirements than any of the ions, b 4 , a 4 , b 3 , and y 2 , considered here), and these immonium ions are only rarely observed with high abundance in FT-ICR CID. [53] [54] [55] [56] [57] [58] [59] In the case of leucine enkephalin, immonium ions derived from phenylalanine (F) (m/z ) 120.1) and tyrosine (Y) (m/z ) 136.1) are expected. These immonium ions are indeed observed in SORI-RE (Figure 1c ), while they are of very low abundance in the SORI-CID spectrum (Figure 1a) . The abundance of a 4 + b 4 ions compared to that of the Y + F ions is a good measure of the degree of excitation in leucine enkephalin; e.g., SID and keV CID spectra contain abundant immonium ions. 45 Leucine Enkephalin: Comparison of SORI-CID, RE-CID, SORI-RE-CID, and RE-SORI-CID Spectra. Figure 1a -c shows respectively the spectra obtained experimentally by SORI, RE, and SORI-RE CID fragmentation of the monoisotopically selected YGGFL(H + ) ion using argon as the collision gas. When the YGGFL(H + ) ion is fragmented via a 2.0-V, 500-ms SORI pulse (Figure 1a) , the a 4 and b 4 ions are the most abundant fragment ions and these ions are present at an a 4 /b 4 ratio of ∼0.3. By contrast, when a 120-V, 10-µs RE pulse is applied (Figure 1b) , the a 4 ion becomes more abundant than the b 4 ion. Also, the F and Y immonium ions, which result from higher energy fragmentation processes, are barely detectable in the SORI spectrum but are observable as ions of low abundance in RE. The b 3 and y 2 ions are present at a similar ratio in both the SORI and RE spectra.
The enhancement of higher energy fragmentation processes occurs when the 120-V, 10-µs RE pulse is applied 20 ms after the completion of the 2.0-V, 500-ms SORI pulse (Figure 1c) . First, the a 4 and b 4 ions, while still very abundant, are not the only main fragment ions present. The F and Y immonium ions are much more abundant in the SORI-RE spectrum than in either the SORI or the RE spectra. The b 3 and y 2 ions are also enhanced as compared to SORI and RE alone. In contrast to the SORI and RE spectra, the SORI-RE spectrum has a y 2 ion less intense than the b 3 ion, also indicating a change in energy deposition. In addition, the singly charged ion at m/z 323 is enhanced compared to either SORI or RE. In the previously reported multistep mechanism for the formation of the m/z 323 ion, the a 4 ion loses NH 3 and undergoes a cyclic rearrangement. The rearranged ion has a previous internal residue (glycine) at the new N-terminus, and this glycine residue is readily lost, forming the ion at m/z 323. 60 Therefore, it appears that combining SORI with RE has a synergistic effect; i.e., SORI-RE is not a simple linear combination of SORI and RE. Fragment ions resulting from higher energy channels are enhanced as compared to RE alone. In addition, the abundance of low-energy fragment ions common in SORI spectra is maintained. A further advantage of SORI-RE is that it is easy to optimize and to perform.
Changing the sequence of ion activation and performing RE first followed by a SORI cycle is also possible, but in such a case, the results depend significantly on the time gap between the RE and SORI pulses. Figure 2c,d shows the RE-SORI spectra when the gap between RE and SORI pulses is 20 and 50 ms, respectively, along with the corresponding SORI and RE spectra for comparison (Figure 2a,b) . The collision gas valve was opened 500 ms before the RE pulse and closed at the end of the SORI pulse, resulting in an overall pulse time of 1020-1050 ms, depending on the time gap (compared to 550 ms for SORI-RE). This is necessary during RE-SORI due to the short duration of the RE pulse. Therefore, the precursor ion is depleted to a greater extent in the SORI and RE spectra shown in Figure 2a ,b than in Figure 1a ,b due to the higher collision gas pressure in the ICR cell. As expected, the highest abundance SORI fragment ions observed (i.e., a 4 , b 4 ) with a 2.0-V, 500-ms pulse are those resulting from lower energy fragmentation processes (Figure 2a ). In addition, the b 3 /y 2 and a 4 /b 4 ion ratios are both ∼0.2. Figure 2b shows the result of a 10-µs, 120-V RE pulse. In this spectrum, a 4 and b 4 remain the highest abundance fragment ions. However, the F immonium, b 3 , and y 2 ions are present at a higher abundance than in the SORI spectrum. The Y immonium ion, barely detected in the SORI spectrum, is of higher abundance with RE. In addition, the b 3 /y 2 and a 4 /b 4 ion ratios have increased to 0.4 and 2.3. Figure 2c ,d shows the result of combining the SORI and RE pulses from Figure 2a ,b, with RE preceding SORI. In Figure 2c , there is a 20-ms gap between the activation pulses, the shortest time gap allowed by the hardware. In this spectrum, the F immonium, Y immonium, m/z 323, b 3 , and y 2 ions are enhanced as compared to SORI or RE alone. The b 3 /y 2 and a 4 /b 4 ion ratios are 1.1 and 2.7, respectively, indicating a higher level of energy deposition By contrast, the RE-SORI spectrum shown in Figure 2d with a 50-ms gap between activation pulses looks more similar to Figure  2b . First, the F immonium, Y immonium, m/z 323, b 3 , and y 2 ion abundances are very similar to the RE spectrum in Figure 2b and less than the RE-SORI spectrum in Figure 2c (20-ms gap). Second, the b 3 /y 2 and a 4 /b 4 ion ratios are 0.7 and 2.4. While these ratios are somewhat higher than the ion ratios for RE alone, they are significantly smaller than the RE-SORI spectrum with a 20-ms gap between activation pulses. The spectral differences shown in Figure 2c and d illustrate that the precursor ions undergo collisional cooling when the gap between the RE and SORI pulses is 50 ms or greater. Also, when the gap between the RE and SORI pulses is short (i.e., 20 ms), more precursor ions may remain offaxis than with a longer time gap. It is important to note that the timing between the SORI and RE pulses when SORI is performed first is also important, although not as critical. If RE is performed 200 ms or less after SORI (data not shown), the spectrum is similar to that shown in Figure 1c . One advantage to performing SORI before RE is the lesser amount of collision gas that needs to be pumped away before detection. If RE is performed before SORI, the gas must be pulsed in several hundred milliseconds before the RE pulse. Also, when RE is performed first, off-axis ions lead to a radial loss of product ions, as well as precursor ions for the subsequent SORI stage. SORI, RE, and SORI-RE spectra of YGGFL(H + ) were also studied by theoretical modeling using MassKinetics. 42 The three spectra were calculated as described in the Experimental Section using only five adjustable parameters, most of these to account for the unknown activation energies of several fragmentation processes. The main spectral features of the calculated spectra (Figure 1d-f ) correspond closely to those experimentally observed (Figure 1a-c) : the a 4 /b 4 ratio characterizes the mediumhigh excitation energy range, showing increasing excitation in the order of SORI, RE, and SORI-RE. The a 4 and b 4 ion abundances follow the same trend in the experimental and theoretical spectra. The abundance of Y and F ions is characteristic of a high degree of excitation by SORI-RE, and the experimental and theoretical spectra show reasonable agreement. The medium-energy y 3 and b 2 ions are of low abundance in both the observed and calculated spectra. The modeling results are quite promising, showing that the experimental and theoretical spectra follow the same trend, and the observed results are in reasonable agreement with theoretical expectations, even using only a few adjustable parameters. The theoretical results confirm that differences among SORI, RE, and SORI-RE spectra are due to internal energy variations using the three different excitation methods.
Differences in the spectra of SORI, RE, and SORI-RE are relatively easy to explain using internal energy distributions. The average internal energy distribution changes with time. This time dependence is due to an increase in the average internal energy during excitation and a decrease when excitation stops because of fragmentation and collisional and radiative cooling. Figure 3 shows the internal energy distributions at the time when the average internal energy is at its maximum value (i.e., immediately following the excitation period). These internal energy distributions were calculated using experimental conditions as specified for Figure 1 . The collisions in RE are higher in kinetic energy as compared to SORI. However, the number of collisions is much smaller in RE. This results in a slightly higher mean internal energy in SORI than in RE, although RE is capable of producing high internal energy ions (but in low abundance only). This explains the higher abundance of the a 4 ion (note especially the a 4 /b 4 ratio, as discussed in detail below) and the increased abundance of the medium-(b 3 , y 2 ) and the high-energy ions (Y and F). Note also that the internal energy distribution increases only slightly if SORI is performed for a long time (as may be expected from a "slow heating" technique, data not shown). Figure  3 illustrates of why SORI-RE is capable of producing abundant high-energy fragments: the tail of the internal energy distribution extends far higher than would be obtainable by SORI only, and the average internal energy deposited by SORI-RE is also higher.
Leucine Enkephalin: Effect of SORI and RE Time and Amplitude on the Relative Abundances of the a 4 , b 4 , F, Y, and MH + Ions. Systematic measurements have been performed to study the effect of SORI and RE excitation time and voltages. Figure 4 shows the experimental and theoretical relative ion abundances of the precursor ion, two lower-energy fragment ions (a 4 + b 4 ), and two higher-energy fragment ions (F + Y) when SORI is used in conjunction with argon as the collision gas to fragment the monoisotopically selected YGGFL(H + ) precursor ion. When SORI amplitude is held constant at 2.0 V and time is varied from 50 to 2000 ms (Figure 4a ), the precursor ion is almost completely depleted after 700 ms. The (a 4 + b 4 ) abundance levels off at ∼75% of the total ion abundance after 700 ms. The (F + Y) abundance is insignificant and never rises above 1.3% of the total ion abundance. These results indicate that even though MH + fragments completely, most of the fragmentation of the parent ion is occurring through low-energy channels leading to the formation of the a 4 and b 4 ions. In Figure 4b , SORI time is held constant at 500 ms while SORI amplitude is varied from 0 to 4.0 V. Similar to the case in which SORI voltage is kept constant, the a 4 and b 4 ions are the most significant. However, increasing the SORI amplitude beyond 2.5 V results in a decline of the (a 4 + b 4 ) relative abundance as other fragment ions (i.e., b 4 -NH 3 , b 3 , y 2 ) gain in prominence. Also, the (F + Y) relative ion abundance is not insignificant in this case, but rather begins to increase after 3.0 V and reaches ∼7% of the total ion abundance by 4.0 V. Therefore, as SORI amplitude is increased, more energy is deposited into the precursor ion leading to higher energy fragment ions. However, this is not extremely useful for the detection of higher energy fragment ions in this case because signal is rapidly lost as amplitude is increased beyond 4.0 V, presumably due to excitation of the precursor ion beyond the dimensions of the ICR cell.
The dependence of SORI spectra on excitation time and on excitation amplitude has also been studied by theoretical (MassKinetics) modeling. Using the same parameters used to calculate the spectra shown in Figure 1d ,e, time-and excitation amplitudedependent ion ratios were also calculated, and the results are shown in Figure 4c ,d. The survival yield of the precursor ion and the relative abundances of the a 4 and b 4 ions are good indications for increasing internal energy content, and these are in satisfactory agreement with the curves obtained experimentally (Figure 4a,b) . The abundance of the high-energy Y and F ions is somewhat higher in the calculated spectra than that observed experimentally, but the trend with increasing SORI time and increasing SORI amplitude is similar. This suggests that there is a general agreement of trends but not in absolute values of ion abundances between experimental and theoretical spectra. The "saturationtype" curve suggests that SORI itself is not capable of producing high-energy ions in large abundance even if done for a long time or at a higher amplitude.
Systematic measurements have also been performed to examine the effect of RE amplitude and time. Figure 5a shows the relative abundances of the parent, (a 4 + b 4 ), and (F + Y) ions when RE amplitude is kept constant at 85 V and RE excitation time is varied from 10 to 15 µs. The precursor ion's signal steadily decreases and is <7% of the total ion abundance by 15 µs. The relative abundance of the (a 4 + b 4 ) ions reaches a maximum of ∼40% around 12 µs and is less dominant than in the SORI spectra. By 15 µs, the abundance of the (F + Y) ions has risen to ∼5% of the total ion abundance but is not much more significant than in the SORI ion abundance curves (Figure 4a,b) .
In Figure 5b , RE time is held constant at 10 µs while RE amplitude is increased from 50 to 150 V. Spectral appearance is quite similar to the case in which RE amplitude is held constant and time varied. The precursor ion signal steadily decreases and is <3% of the total ion abundance at 150 V. The (F + Y) immonium ions reach a relative abundance of ∼9% at 150 V. Also, the abundance of the (a 4 + b 4 ) ions first increases, reaches a maximum of ∼40% at 115 V, and then declines to <16% by 150 V. It is likely that 10-µs RE pulses below 115 V are not energetic enough to allow the parent ion to extensively access higher energy fragmentation pathways, and so activation results mainly in the a 4 and b 4 ions. At 100 V, the parent ion relative abundance is still 50%. Beyond 115 V, higher fragmentation channels are accessible and the a 4 and b 4 ions decline in relative abundance as higher energy fragment ions become more dominant.
Leucine Enkephalin: Effect of SORI and RE Time and Amplitude on the Ratios of the a 4 /b 4 and b 3 /y 2 Ions. Figure  6 shows the ratios of a 4 /b 4 and b 3 /y 2 ions for SORI and RE activation. As mentioned earlier, a 4 and b 3 ions are considered as resulting from higher energy fragmentation channels than b 4 and y 2 ions, respectively. A ratio greater than 1 is therefore an indication of the fragment ion resulting from the higher energy channel occurring more frequently than the corresponding lower energy fragment ion. One notable feature of these plots is that, for the case in which SORI voltage is held constant at 2.0 V and SORI time varied (Figure 6a) , both a 4 /b 4 and b 3 /y 2 ratios are small, Figure 3 . Calculated internal energy distribution of YGGFL(H + ) using experimental conditions as specified in Figure 1 for SORI (corresponding to 90% parent ion decomposition), RE (at maximum average internal energy, see text), and SORI-RE (at maximum average internal energy, see text).
indicating low excitation. Therefore, increasing SORI time does not deposit greater amounts of internal energy but rather leads to the lower energy fragment ions because energy deposition occurs in small, sequential steps. In a manner similar to holding SORI amplitude constant, when SORI duration is held constant at 500 ms and amplitude varied from 0 to 4.0 V (Figure 6b ), both ratios initially remain below 1 and increase as a function of amplitude. By 4.0 V, the a 4 /b 4 ratio reaches 3.2 and the b 3 /y 2 ratio reaches 0.5. Increasing SORI amplitude can clearly allow access to higher energy fragmentation channels as larger packets of energy are deposited into the parent ion. However, as discussed previously, increasing SORI amplitude high enough to observe intense fragment ions resulting from higher energy pathways leads to the rapid loss of signal due to excitation of the precursor ion beyond the dimensions of the ICR cell. Figure 6c ,d shows the effect of on-resonant excitation of YGGFL(H + ) on the a 4 /b 4 and b 3 /y 2 ratios. Whereas both ratios were, in general, below 1 for SORI activation, they are more often above 1 for RE. When RE amplitude is held constant at 85 V and time varied from 10 to 15 µs (Figure 6c) , the a 4 /b 4 and b 3 /y 2 ratios are greater than 1 by 12 and 15 µs, respectively. When RE duration is held constant at 10 µs and amplitude increased from 50 to 150 V (Figure 6d) , the a 4 /b 4 ratio initially decreases slightly, but then steadily increases and reaches 3.6 at 150 V. The b 3 /y 2 ratio reaches 1.8 at 150 V. These data demonstrate that, if excitation time and amplitude are large enough, RE alone is able to deposit larger amounts of energy at once than SORI alone, causing higher abundances of fragment ions that result from higher energy fragmentation channels. However, attempts to increase the abundance of higher energy fragment ions by increasing the RE amplitude and time also leads to a rapid loss of signal intensity.
2r-Mannobiose and 3r-Mannobiose: Comparison of SORI, RE, and SORI-RE CID Spectra. Common fragment ions resulting from the CID of oligosaccharides include cleavage at the glycosidic linkage and cross-ring cleavages. Cleavage at glycosidic linkages, in general, results from lower energy fragmentation pathways. The SORI, RE, and SORI-RE CID spectra for two simple lithium-cationized disaccharides differing only in the position of the glycosidic linkage, 2R-mannobiose and 3R-mannobiose, are shown in Figure 7 . The SID spectra of these disaccharides, along with 4R-and 6R-mannobiose, have been previously reported. 61 In this study, Dongré and Wysocki used the presence of specific cross-ring product ions to characterize the position of the glycosidic linkage.
As shown in Figure 7 , two fragment ions result from the cleavage of the glycosidic linkage, labeled Z 1 + (m/z 169.1) and Y 1 + (187.1). The Y 1 + ion contains one of the hexose rings with the glycosidic linkage oxygen plus a hydrogen, while the Z 1 + ion corresponds to the Y 1 + ion by a formal loss of H 2 O. The 500-ms, 1.8-V SORI-CID spectrum of 2R-mannobiose is shown in Figure  7a , and 259.1 (loss of C 3 H 6 O 3 from precursor ion) also result from cross-ring cleavages and are present at low abundances. In Figure 7b , 2R-mannobiose is fragmented via a 10-µs, 105-V RE pulse. The Y 1 + and Z 1 + ions remain the most abundant. The cross-ring cleavage ion at m/z 127.1, which was of very low abundance in the SORI spectrum, is now more abundant than the cross-ring cleavage ion at m/z 229.1. A cross-ring cleavage ion at m/z 91.0 (LiC 4 H 4 O 2 + ), absent in the SORI spectrum, is observed in the RE spectrum. Also, the abundance of the cross-ring cleavage ion at m/z 259.1 in the RE spectrum is very low and similar to the SORI spectrum. Figure  7c shows the result of applying the 10-µs, 105-V RE pulse 20 ms after the 500-ms, 1.8-V SORI pulse. In this spectrum, the crossring cleavage ion at m/z 127.1 is now almost as abundant as the Z 1 + ion. Cross-ring cleavage ions at m/z 91.0 and 97.0 are also enhanced. As in the SORI and RE spectra, the cross-ring cleavage ion at m/z 259.1 remains of low abundance relative to the other fragment ions discussed.
The SORI, RE, and SORI-RE CID for 3R-mannobiose results in the observation of the same fragment ions as for 2R-mannobiose, but in different relative abundances. In Figure 7d , the 500-ms, 1.5-V SORI spectrum is shown for 3R-mannobiose with argon as the collision gas. As expected, the glycosidic linkage cleavage ions, Y 1 + and Z 1 + , are two of the most abundant fragment ions. However, unlike the SORI spectrum for 2R-mannbiose, the loss of H 2 O from the precursor ion is the most abundant fragment ion in the spectrum. Also, the Z The comparison of the SORI, RE, and SORI-RE spectra for 2R-mannobiose and 3R-mannobiose demonstrates that the relative abundances of the glycosidic linkage and cross-ring cleavage ions change as the internal energy of the precursor ion is increased. In particular, some cross-ring cleavage ions become enhanced as compared to cleavage at the glycosidic linkage. However, the abundances of other cross-ring cleavage ions remain relatively unchanged. As also demonstrated for 2R-mannobiose and 3R-mannobiose, the location of the glycosidic linkage effects the relative abundances of different fragment ions observed, and these ion abundances show different amounts of enhancement as the internal energy of the precursor ion is increased. These differences may lead to insights into fragmentation mechanisms and relative energy requirements for fragmentation pathways.
Alditol XT: Comparison of SORI, RE, and SORI-RE CID Spectra. SORI, RE, and SORI-RE CID are demonstrated in Figure  8 for the sodiated ions of an oligosaccharide, alditol XT. The SORI-CID (MS 2 and MS 5 , m/z 1415/1268.5/1122.4/976.3) and IRMPD spectra of this sodiated oligosaccharide have been previously reported by Lebrilla and co-workers. 5 In their study, IRMPD was capable of producing low relative abundance lower mass fragment ions (i.e., m/z 228.1, 388.1, 408.1, 449.1, identified in Figure 8 ) that were observed with a slightly higher relative abundance but with a lower overall signal intensity during MS 5 .
The authors also reported that these fragment ions are observed using energetic SORI conditions during MS 2 but that signal intensity and the abundance of the higher mass fragment ions are depleted. The loss of one, two, and three fucose units from the sodiated alditol XT (MNa + ) ion results in fragment masses of m/z 1268.5, 1122.4, and 976.3, respectively. These are the most abundant fragment ions observed in the SORI, RE, and SORI-RE spectra shown in Figure 8 . Other fragment ions resulting from the cleavage of multiple glycosidic linkages are identified in Figure  8 . Figure 8a shows the 1000-ms, 4.0-V SORI spectrum with nitrogen as the collision gas. In this spectrum, the fragment ions resulting from the loss of one to three fucose rings are present at less than 30% relative abundance, while all other fragment ions are 20% relative abundance or less. In the 16-µs, 225-V RE spectrum shown in Figure 8b , the ions corresponding to the loss of one to three fucose rings are less than 50% relative abundance while all other fragment ions are less than 30% relative abundance. However, when the SORI and RE pulses are combined, as shown in Figure 8c , many fragment ions are present at a relative abundance of greater than 50% and the overall extent of fragmentation is much greater as compared to Figure 8a ,b. It is important to note that the extent of fragmentation observed in the SORI-RE spectrum shown in Figure 8c is not achieved, due to a loss of signal, when SORI or RE alone is used even with a longer or a higher amplitude pulse. In addition, the extent of fragmentation observed with the SORI-RE technique is much greater than that reported by Lebrilla and co-workers for either SORI-CID (MS 2 and MS 5 ) or IRMPD. 5 In this alditol XT example, SORI-RE provides an improvement in fragmentation efficiency and signalto-noise ratio over SORI and RE alone, as well as the reported SORI-CID MS 2 and MS 5 , and IRMPD spectra. 5 SORI, RE, and SORI-RE CID Fragmentation of [Ubiquitin + 10H + ] 10+ . Figure 9a -c shows the SORI, RE, and SORI-RE CID fragmentation spectra of ubiquitin with 10 protons. Argon was used as the collision gas in these experiments. These spectra show some similarities to those obtained by BIRD by Williams and coworkers. 62 By comparison of the SORI and SORI-RE spectra in Figure 9a ,c, it is seen that the y 18 3+ , y 18 2+ , and y 12 2+ ions are more abundant in the SORI-RE spectrum than in the SORI spectrum. This indicates that the amide bond cleavage between the amino acids Asp 58 -Tyr 59 (y 18 n+ ) and Glu 64 -Ser 65 (y 12 2+ ) is more efficient when a RE pulse is applied after the SORI excitation. Furthermore, the ratio of y 18 3+ /y 24 4+ ions is greater than 1 in the SORI-RE spectrum but less than 1 in the SORI and RE spectra. This result indicates that the amide bond cleavage at Asp 58 -Tyr 59 (y 18 n+ ) increases relative to Asp 52 -Gly 53 (y 24 4+ ) at higher internal energies. We also note that the abundances of several ions in the m/z 1100-1400 region increase with increasing internal energy (i.e., in the SORI-RE spectrum relative to the SORI spectrum). Although the differences among the SORI, RE, and SORI-RE spectra do not allow us to directly derive mechanistic information, this information does provide insight into relative energy requirements for specific bond cleavages (i.e., y 18 formation appears to have greater energy requirements than y 24 formation). example to demonstrate the changes in MS/MS spectra produced by SORI, RE, and their combination, SORI-RE. Figure 10a -c shows the SORI, RE, and SORI-RE CID (Ar) fragmentation of the singly charged uranyl cation (UO 2 + , m/z 270.0). This is a stable cation that requires relatively high SORI amplitude to fragment. A 5.0-V SORI excitation amplitude was needed in order to observe the fragments UO + (m/z 254.0) and U + (m/z 238.1) with the abundances shown in Figure 10a . Note that the abundance of UO + was always larger than that of U + even at a higher SORI voltage (7 V) at which the parent ion was completely depleted (data not shown). The application of a 10-µs, 300-V RE pulse resulted in the same fragments but with different relative abundances ( Figure  10b ). This suggests that higher internal energy was deposited by the RE pulse than by the SORI pulse. This energy deposition can be further increased when the SORI pulse is followed by the RE pulse (Figure 10c) as indicated by the reverse U + /UO + (>1) abundance ratio.
SORI, RE, and SORI-RE CID Fragmentation of the Singly

CONCLUSIONS
SORI-RE CID is an excitation method for FT-ICR based on a combination of SORI and resonant excitation (RE). The purpose is to enhance higher energy fragmentation while maintaining lowenergy processes. In addition, relative energy requirements of fragmentation mechanisms may be studied with this method. This concept is similar to the pump-probe experiments used to study fundamentals of collision energy transfer in FT-ICR. 40 SORI is applied initially to pump energy in small steps into the molecule until a portion of the precursor ions dissociates while the remaining precursor ions maintain an internal energy below the fragmentation threshold. For large molecules (i.e., greater than 10 kDa), this fragmentation threshold may be far higher than the activation energy. Shortly following the SORI pulse (20-ms gap), a RE pulse is applied that increases the internal energy of the remaining activated but undissociated precursor ions significantly above the fragmentation threshold by also pumping energy into the activated molecules, but in a larger step. As demonstrated in Figure 3 , this makes it possible to raise the internal energy much higher than would be possible by SORI alone. Utilizing RE only, especially for large molecules, would not be efficient because all or most of the large energy step would be "wasted" to heat up the molecule from thermal energy to the fragmentation threshold. These theoretical expectations are supported by the experimental results, as described above. Illustrative SORI-RE CID fragmentation examples include the observation of high-energy immonium ions in large quantities for leucine enkephalin (Figure 1c ) and the enhancement of cross-ring cleavages for 2R-mannobiose and 3R-mannobiose (Figure 7c,f) . It is important to note that different fragment ions observed may be due to higher energy fragmentation as well as the conversion of heterogeneous populations to different protonated forms, conformations, or both. The interconversion of heterogeneous forms as it relates to the relative abundance of different fragment ions may also be mechanistically interesting.
One of the most important advantages of SORI-RE is its simplicity. It does not require hardware or software modification on existing FT-ICR instruments, and method optimization is very simple. The best results are obtained with a SORI precursor ion survival yield of ∼40-90% and can be adjusted by varying either SORI excitation amplitude or excitation time. The RE pulse is applied shortly following SORI (i.e., 20-ms gap as required by the hardware) with the collision gas still in the cell. The amplitude and duration of the RE pulse should be chosen so that a significant amount of fragmentation is observed without signal extinction. It is most efficient to determine the RE pulse amplitude at which the signal begins to be depleted and then use ∼80% of that amplitude for the resonant excitation step of SORI-RE. The SORI-RE technique is also quite robust: using a standard setup, typically both low and higher energy fragments are observed. In our experience, time-consuming experiment optimization is usually NOT required. Adding a "standard" RE pulse after the SORI cycle has a high probability of improving the MS/MS spectra.
The results discussed in the paper serve to illustrate the usefulness of SORI-RE in diverse cases: peptides (leucine enkephalin, an extensively studied model peptide), disaccharides with differing glycosidic linkages (2R-mannobiose and 3R-mannobiose), oligosaccharides (Alditol XT), proteins (ubiquitin), and inorganic ions (UO 2 + ). In each studied case, SORI-RE, compared to simple SORI, has been shown to enhance higher energy fragmentation processes.
